A layered potassium-manganese oxide, birnessite (OL: KMn 4 O 8 ) was subjected to long-term post-calcination thermal treatment aimed at stimulating its activity in catalytic soot oxidation. The 12 h thermal treatment at several temperatures (425, 500, 550 and 650 °C) in atmospheric conditions resulted in the swift transformation of the layered material into the tunnel-shaped octahedral molecular sieve cryptomelane (OMS-2: KMn 8 O 16 ). The obtained materials were thoroughly characterized using powder X-ray diffraction, Raman spectroscopy, N 2 -BET specific surface area analysis, and transmission electron microscopy techniques. With increasing temperature of thermal treatment, the concentration of OMS-2 increased, which was confirmed by Rietveld analysis, and dominated the material properties, notably the lowering of work function of the catalysts (Δϕ = 0.2 and 0.4 eV in air and vacuum, respectively). The obtained results reveal the high catalytic activity of the OMS-2 formed from the thermal transformation of the OL material compared to both the parent OL material and the uncatalyzed soot oxidation reaction. The achieved catalytic activity showed direct correlation with the temperature of pretreatment, with the most active catalyst being calcined at 550 °C/12 h, and lowering the temperature of 50% soot conversion (T 50% ) by spectacular 150 °C in loose contact. The catalytic activities were found to correlate well with the work function (low work function-high catalytic activity), confirming the electron transfer from the catalyst surface to oxygen molecule as the important step in the soot oxidation mechanism over mixed potassium-manganese oxides. The beneficial effect of thermal pre-treatment was found to last over multiple runs, maintaining a T 50% lower by 100 °C compared to the untreated parent material. The obtained results indicate the importance of the temperature treatment for the catalytic performance of potassium promoted transition metal oxides as catalytically active phases for efficient soot removal in the conditions present in combustion engine exhaust gases.
Introduction
For the last half-century, one of the most pressing issues facing society is the intensified release of soot particles derived from the incomplete combustion of fuels, especially from automobile sources such as vehicles powered by combustion engines. Soot particles, because of their nano and micro size, may easily enter into the body through the skin or lungs and show mutagenic and carcinogenic properties [1, 2] . Soot may also contain additional pollutant fractions, such as polycyclic aromatic hydrocarbons (PAH), nitro-PAH and soluble organic fractions (SOF) [3] , condensed onto the surface. Therefore, strict standards for particulate matter (PM) emission from combustion engines have been introduced, stimulating research aimed at the abatement of particulate pollution [4] .
Diesel particulate filters (DPF) and catalytic converters are known for their effectiveness in reducing the emission of pollutants (soot, PAH, SOF) into the environment. The combustion temperature of many pollutants, such as soot (550-650 °C), is much higher than the temperature of exhaust gases and would normally damage the systems meant for their abatement [3, 5] . Therefore, both DPF's and catalytic converters make use of catalytic materials, which lower the temperature of combustion of the pollutants passing through the system to more manageable temperatures (between 150 and 400 °C) [6, 7] . The efficiency of soot particles removal in CDPF (catalytic diesel particulate filter) systems highly depends on the number of points of contact between particles of soot and the catalyst. Therefore, literature describes several modes of experiments, which are performed to best simulate the different contact modes: "tight" contact represents a simulation mode, where the number of contact points is the highest, "loose" contact refers to conditions more closely resembling those that occur in the diesel engine, without as many contact points as in the previous contact mode [8] .
The most prominently used commercial catalysts are based on noble metals (Pt, Pd, Rh) dispersed over supports (ceria, alumina) [9, 10] . The price and availability of these materials increasingly motivates the search for competitive alternatives. Among them, the transition metal oxide (Fe, Co, Cr, Cu, and Mn) based systems are promising candidates, as they are reported to act as catalytically active phases in soot combustion [11] [12] [13] [14] [15] [16] . The catalytic activity of these catalysts may further be augmented by the application of promoters such as alkali [17] [18] [19] . The electro-donor properties can be tuned through either bulk or surface promotion by alkali cations [20] . This promotes the electron transfer from the catalyst to oxygen, forming reactive oxygen species (ROS), such as O 2 2− , O 2 − and O − , at the catalyst surface. Alkali bulk promotion of transition metal oxides may be considered as the process of nanostructuration, in which the heterocations force the modification of the original oxides structure, forming tunnels and layers.
Among manganese oxides, birnessite and cryptomelane are often the subjects of intense research due to their high catalytic activity in numerous reactions [21] [22] [23] [24] [25] [26] [27] . The high reactivity of both phases can be assigned to a combination of several features, such as beneficial porous structure, redox properties due to the mixed valence framework, and high oxygen mobility [22, [28] [29] [30] . Octahedral layered birnessite (OL- Fig. 1a ) is a phyllomanganate-type layered oxide, comprised of sheets of edge-sharing MnO 6 octahedra [31] . The interlayer space may contain a range of monovalent (alkali) or bivalent cations as well as water [32, 33] . Cryptomelane, a hollandite type manganese oxide, is a nanoscale alkali doped manganese octahedral molecular sieve (OMS-2- Fig. 1b) , in which the MnO 6 octahedra build a three-dimensional, tunneled structure, nanostructured mainly by alkali cations [22] . The type and concentration of intercalated cations stabilize the layered or tunneled structure of birnessite or cryptomelane, with their charge offset by the oxidation state of the manganese in the octahedra, where the manganese cations can easily change their oxidation state from Mn 4+ to Mn
3+
. Both structures facilitate the mobility of the enclosed alkali cations. With increasing temperature this mobility can be observed in the following processes: diffusion in the tunnels/layers, segregation on the surface and desorption from the surface in the highest temperatures [34, 35] . Therefore, the temperature treatment of the K-Mn-O mixed oxides can have a strong implication on their final structure and thus the catalytic properties.
The transformation of OL to OMS-2 has been noted to occur during thermal and hydrothermal treatments. Hydrothermal treatment is known to stimulate the OL to OMS-2 Fig. 1 Structures of the layered OL and the tunneled OMS-2 potassium-manganese-oxide catalysts transformation, either through the removal of the surplus potassium cations or introduction of transition metal cations [36, 37] . Nonetheless, some cations must be present to stimulate growth of the tunnel structure, as complete removal of intra-layer cations leads to formation of nsutite from birnessite, while the presence of K + was found to promote the transformation to OMS-2 [38] . The calcination of potassium containing OL yields pure OMS-2, whereas substitution of potassium with transition metals cations of adjustable oxidation states may lead to the framework-doping of OMS-2 [39] [40] [41] [42] .
The aim of this paper was to follow the thermal transformation of OL to OMS-2 through post-calcination thermal activation (425 °C, 500 °C, 550 °C, and 650 °C) in the context of stimulating catalytic activity in soot combustion. The studies put specific focus on determining the changes of morphology, structure, electron-donor properties and catalytic activity, revealing the beneficial transition of layered OL to the more active tunneled OMS-2. Such investigation will aid in rational design of cheap and efficient catalysts for soot oxidation, with properties which can be optimized via the appropriate thermal pre-treatment.
Experimental

Materials
K-birnessite (OL) was prepared by a sol-gel method. In a typical synthesis, a 1.5 M solution of glucose was added to 0.3 M solution of potassium permanganate under vigorous stirring. Afterward, the catalyst was dried at 80 °C overnight and subsequently calcined at 450 °C for 2 h. The series of thermally modified catalysts were obtained by dividing the product into even batches, which were treated for 12 h in various temperatures (425, 500, 550, and 650 °C) under atmospheric conditions.
Methods
The X-ray diffraction was recorded by a Rigaku MiniFlex powder diffractometer with Cu Kα radiation at 10 mA and 10 kV, step scans of 0.02° and counting time of 3 s per step. Rietveld analysis of the registered X-ray diffraction patterns was carried out using the MAUD software [43] . The analysis was performed within the Bragg-Brentano geometry, with the goniometer radius equal to 150.0 mm and equatorial and axial slits of 1.25°, for both arms of the device.
The Raman spectra were measured in ambient conditions using a Renishaw InVia spectrometer equipped with a Leica DMLM confocal microscope and a CCD detector, with an excitation wavelength of 785 nm. The laser power at the sample position was 1.5 mW with a magnification of 20 × and a focus of 25%. The Raman scattered light was collected over 9 runs in the spectral range of 100-900 cm −1 . TEM images were obtained using a Philips Tecnai F20D microscope with a field emission gun. The accelerating voltage was 200 kV and the resolution 0.2 nm. Samples were prepared by dispersing in methanol and sonicating for 15 min. They were dispersed on holey carbon film copper grids.
For evaluation and comparison of electron-donor properties, the measurements of work function (or more specifically contact potential difference (CPD)) were conducted by means of a Kelvin probe (McAllister KP6500). A stainlesssteel electrode (d = 3 mm, ϕ reference = 4.32 eV) was used as a reference. Work function value is determined by the following equation: ϕ sample = ϕ reference − CPD. For each measurement, approx. 0.1 g of each sample was pressed under 6 MPa for 1 min to form a pellet. The procedure of a typical measurement was as follows: the surface of the investigated sample was standardized by the thermal pre-treatment in 400 °C for 15 min in vacuum (10 −6 Pa) to desorb the surface contaminants. Afterward, the sample was cooled and the CPD was measured at 150 °C without exposure to air. In order to test the influence of the thermal treatment on work function, after the surface standardization, the untreated catalysts were subjected to in situ temperature treatment at different temperatures (300, 400, 425, 500, 550 and 650 °C) for a total of 105 min. After each heating interval, the sample was cooled to 150 °C for measurement.
The activity of all synthesized and thermal-treated catalysts was determined by the temperature-programmed oxidation (TPO) of soot. In this case, model soot-Printex 80 Degussa-was mixed with the catalyst with a 1:8 mass ratio by mixing in an Eppendorf tube by shaking for 10 s following the loose contact method. A quartz fixed-bed reactor was heated from RT to 700 °C at 10 °C/min while a gas mixture of 5% O 2 in He was passed over at a rate of 60 ml/min. The progress of the reaction was tracked in situ by a quadrupole mass spectrometer SRS RGA200 by monitoring the concentration of the main reagents (lines for m/z = 18 (H 2 O), 28(N 2 / CO), 32 (O 2 ) and 44 (CO 2 )).
Results
Diffractograms obtained for the investigated samples are shown in Fig. 2a together with the appropriate references. Their examination revealed the initial diffraction lines belonging to OL in the untreated sample and their subsequent disappearance in lieu of characteristic maxima of OMS-2 upon prolonged thermal treatment. The OL catalyst and the forming OMS-2 were indexed in the R3 − m (ICSD-152,290 [44] ) and I4/m (ICSD-59159 [45] ) space groups, respectively. Rietveld analysis quantified the concentration of the constituent phases. The results are presented in Table 1 . After prolonged treatment at 425 °C the catalyst contained a majority of OMS-2, which only increased with higher temperatures.
At ~ 550 °C the catalyst is almost purely comprised of OMS-2.
The measured Raman spectra of the tested catalysts with marked identifiable bands can be found in Fig. 2b . The spectrum of the untreated catalyst shows typical bands for OL. The two most prominent bands at 570 and 639 cm −1 can be assigned to vibrations of the tetragonal structure in the interstitial space of the tunnels. The first vibration is caused by the movement of oxygen atoms relative to the manganese atoms along the MnO 6 octahedral chain. The movement of oxygen in a perpendicular direction to the chain is the source of the latter band. Literature depicts broad bands near ~ 285 and ~ 395 cm −1 assignable to the vibrational mode of K-O bonds within the interlayer space, which can be discerned on the spectrum [46] [47] [48] [49] . The spectra of the thermally treated catalysts show the visible transformation of OL to OMS-2, although both nanostructured manganese oxides exhibit similarly placed bands. The most characteristic bands for OMS-2 can be found at 577 and 632 cm −1 and assigned to the same vibrations as in the case of OL. As the main building blocks of the OL and OMS-2 structures are constituted of MnO 6 octahedral chains, the Mn-O vibrations being of the same nature are over imposed. However, due to the different local symmetry (layered vs tunneled) the intensities can be used to determine the transformation.
The band at 183 cm −1 can be assigned to the translational movement of the MnO 6 octahedra. The remaining bands (290, 510 and 730 cm −1 ) are also characteristic for OMS-2 as described elsewhere [46, 50] . The most obvious change following the thermal transformation is the lowered intensity of the OL band near 639 cm −1 and the increased intensity of the OMS-2 bands at 183 and 577 cm −1 . This follows the decrease of Mn-O-Mn vibrations in the interlayer direction and the increase in vibration in the interstitial space of the tunnels. All changes are gradual and become more prominent with the increased temperature.
The specific surface area of the investigated samples (Table 1) showed an initial increase and subsequent lowering of specific surface area. The increase can be attributed to the formation of OMS-2 nanorods and the reorganisation of the amorphous phase into an organised structure, while the subsequent loss of surface area could be due to sintering. As demonstrated elsewhere, the surface area of the alkalipromoted catalysts is not the determining factor for high activity in soot combustion. The more important parameter is the electronic factor, which is known to play a primary role over the number of catalyst-soot contacts, which are proportional to the surface area [21, 22] . The low work function of the alkali-containing catalyst facilitates the formation of O 2 − (oxygen activation) via the electron transfer. The series of catalysts treated at various temperatures for 12 h as well as the untreated sample were thoroughly examined using TEM (Fig. 3) . The analysis revealed the irregular shape and plate-like morphology of the untreated catalyst, which is consistent for many OL catalysts. A d-spacing of 0.63 nm can be determined, which was not observed for the treated catalysts. Starting with the catalyst treated at 425 °C, the presence of nanorods is clearly visible. The measured d-spacings for the treated catalysts include 0.69 nm and 0.49 nm, which in literature correspond to the 110 and 200 facets of OMS-2. With increasing treatment temperature, the amount of nanorods found is increased and their arrangement is changed. At lower temperatures the nanorods contain greater space between them, while at higher temperature the nanorods are clustered together, complementing the SSA analysis.
The untreated catalyst was subjected to thermal treatment in the Kelvin Probe apparatus to follow the effect on work function (Fig. 4a) . At low temperatures (300, 400 and 425 °C) little to no change of work function was observed. With higher temperatures (500, 550, 650 °C) the work function was found to be lowered. The effect continued and was found to plateau (500, 550 °C) or be reversed, returning to higher work functions (650 °C). In the case of the catalyst treated at 500 and 550 °C the lowered ϕ can be attributed to the migration of potassium cations from within the tunnels to the outermost surface as well as the release of surface oxygen. Segregation of potassium at the surface, as well as oxygen release, are known to cause the decrease in work function value [51, 52] . Both processes are not observed at lower temperatures, during which the mobility of cations is restricted to the layers or tunnels of the material.
At the higher temperature (650 °C) the ϕ changes are caused by competition of two interlaced processes: cation migration to the surface and subsequent thermal desorption. The first is responsible for the decrease of ϕ while the latter, causing the drop in potassium surface coverage, increases it [22] . Due to high potassium desorption flux at high temperature, in order to avoid contamination of the Kelvin probe vacuum chamber, the samples calcined for 12 h were measured after ex situ calcination in a furnace. The results follow a similar trend, with heat treatment tending to lower ϕ (Fig. 4b) .
As expected, the 12 h thermal treatment affected the catalytic activity of the materials in loose contact with soot (Fig. 5) . All tested samples were found to be catalytically active compared to the uncatalyzed soot oxidation reaction. The graph depicting soot conversion follows the sequence observed in the work function tests, with low-temperature modification being less active (higher ϕ) and high-temperature treatment allowing for significant improvement of catalytic activity (lower ϕ). Compared to the uncatalyzed reaction the use of the untreated catalyst lowered the temperature of 50% soot conversion by ~ 50 °C, while the most active catalyst lowered the soot oxidation temperature window by a spectacular ΔT 50% = 150 °C. In the Fig. 5 insert, a correlation between work function and catalytic activity is presented. The higher catalytic activity is observed for the catalysts with lower work function, which were treated in higher temperatures. The found correlation has important practical meaning, as it points at a moderate thermal pretreatment of 550 °C as the most beneficial for preparing the highly active catalyst. Furthermore, the increased activity with low work function reveals the main reaction pathway of soot oxidation over these materials. The low work function facilitates electron transfer from the catalyst surface to the oxygen molecule. As a result, reactive oxygen species (ROS), such as O 2 2− , O 2 − and O − are formed at the catalyst surface, which is beneficial for the oxidation reaction. It is also worth noting, that the total transformation into OMS-2 results in a slightly less active material while the most active catalyst contains a majority of OMS-2 phase with a minor amount of OL.
The stability of the catalyst treated at 550 °C was ascertained by performing multiple tests on the same sample over consecutive runs in loose contact. As presented in Fig. 6 , the initial catalytic test is always the most active (run 1), lowering the T 50% by 100 °C compared to the parent catalytic material (untreated catalyst). In the subsequent runs (runs 2 through 4) the activity is somewhat lower (ΔT 50% = 60 °C) but still much higher than for the untreated catalyst. These results suggest that the thermal treatment is beneficial not only for the initial catalytic activity but is sustained over time.
Conclusions
The paper follows the beneficial transformation of the layered OL towards a highly active tunneled OMS-2 potassium-manganese-oxide catalyst for soot oxidation due to thermal treatment in the temperature range of 400-650 °C. With higher temperatures, the thermal treatment of OL results in the increased concentration of OMS-2, as well as the modification of morphology, surface area and the work Fig. 5 Soot conversion over catalysts treated for 12 h at chosen temperature and correlation between catalytic activity (T 50% of soot conversion) and work function of catalysts thermally treated for 12 h (insert) Fig. 6 Stability of catalytic activity of catalyst calcined at 550 °C/12 h over subsequent tests function of the prepared series of catalysts. The thermal treatment strongly modifies the electro-donor properties of the catalyst gauged by the work function (Δϕ = 0.4 eV), and the catalytic activity in soot oxidation. The most active catalyst prepared at 550 °C over 12 h in air lowers the temperature of 50% soot conversion (T 50% ) by 150 °C in loose contact compared to the uncatalyzed reaction. The increased activity was found to be stable over several catalytic runs, showing the long-term benefits of the thermal activation with the T 50% lowered by 100 °C compared to the parent catalytic material. The catalytic activity was found to correlate with work function, as higher catalytic activity is observed for catalysts with low work function, revealing the electron transfer from the catalyst surface to oxygen as a significant mechanistic step in soot oxidation via the formation of reactive oxygen species. The obtained results point out the significance of thermal treatment optimization of the K-Mn-O nanostructured oxides for their catalytic activity in soot oxidation.
